1.. Introduction
================

Bicyclo\[3.1.0\]hexanes are prevalent scaffolds in natural products and synthetic bioactive compounds ([Fig. 1](#fig1){ref-type="fig"}).[@cit1] For instance, crispatene (**1**) as well as the two sesquiterpenes cycloeudesmol (**2**) and laurinterol (**3**), were isolated from marine sources and exhibit potent bioactivities.[@cit2] Eli Lilly\'s glutamate derivative **4** and the arglabin derivative **5** are examples of promising synthetic drugs for the treatment of psychiatric disorders[@cit3] and cancer,[@cit4] respectively. Fluorinated analogues such as **6** [@cit5] are increasingly important in medicinal chemistry.[@cit6] In addition, the high ring strain of these bicyclic scaffolds make them valuable synthetic intermediates,[@cit7] but at the same time makes their synthesis challenging. Various methods for their preparation have been developed, relying for the most part on the construction of the three-membered ring ([Scheme 1A](#sch1){ref-type="fig"}). This approach has led to the development of efficient intramolecular cyclization, cyclopropanation and transannular reactions.[@cit8] However, these methods often require sophisticated and pre-functionalized starting materials. Intermolecular processes have been mostly limited to cyclopropanation reactions based on the use of carbenes and metallocarbenes.[@cit9] Surprisingly, the convergent synthesis of bicyclo\[3.1.0\]hexanes *via* a (3 + 2) annulation process to build the five-membered ring has not been reported so far.

![Natural products and synthetic bioactive compounds containing the bicyclo\[3.1.0\]hexane scaffold.](c9sc03790j-f1){#fig1}

![Synthesis of bicyclo\[3.1.0\]hexanes. (A) Synthetic strategies towards bicyclo\[3.1.0\]hexanes. (B) (3 + 2) cycloaddition to access hetero bicyclo\[3.1.0\]hexanes from cyclopropenes. (C) Reported syntheses of bicyclo\[3.1.0\]hexanes from cyclopropenes. (D) This work: (3 + 2) annulation of aminocyclopropanes and cyclopropenes).](c9sc03790j-s1){#sch1}

Cyclopropenes appeared to us as ideal two-carbon partners for this unprecedented approach. With an increasing number of methods for their synthesis combined with high reactivity, they have emerged as key building blocks in organic synthesis.[@cit10] In particular, the synthesis of diester and difluoro-substituted cyclopropenes is now well-established.[@cit11] The latter would give access to important fluorinated derivatives such as GABA analogue **6** ([Fig. 1](#fig1){ref-type="fig"}). Annulations involving cyclopropenes have been highly successful in the past, especially in the case of (4 + 2) processes leading to 6-membered rings.[@cit12] In contrast, (3 + 2) annulations have been limited to the formation of heterocycles, such as tetrahydrofuran or pyrrolidine derivatives, starting from carbonyl or imine ylides ([Scheme 1B](#sch1){ref-type="fig"}).[@cit13] To date, the only reports for the synthesis of \[3.1.0\] carbocycles starting from cyclopropenes are Pauson--Khand reactions[@cit14a],[@cit14b] or a rhodium-catalyzed annulation of diarylcyclopropenes with alkynes ([Scheme 1C](#sch1){ref-type="fig"}, eqn (1) and (2)).[@cit14c]

Based on our interest in the development of annulation methodologies exploiting ring strain,[@cit15] we believed that activated cyclopropanes could function as ideal three carbon partners in a (3 + 2) annulation with cyclopropenes for the synthesis of bicyclo\[3.1.0\]hexanes. We report herein the successful implementation of this strategy *via* an unprecedented photoredox-mediated (3 + 2) annulation between diester-substituted cyclopropenes and aminocyclopropanes, which displayed a broad scope and proceeded under mild conditions. Moreover, a diastereoselective version could be developed with difluorocyclopropenes for accessing important building blocks for synthetic and medicinal chemistry.

2.. Results and discussions
===========================

Discovery and optimization of the (3 + 2) annulation
----------------------------------------------------

Based on our expertise with the Lewis acid activation of donor--acceptor aminocyclopropanes,[@cit15] we examined the reaction of the easily accessible aryl-substituted cyclopropene **7** with cyclopropane **8** ([Scheme 2](#sch2){ref-type="fig"}, eqn (1)). However, a complex mixture of products was obtained.[@cit16] We speculated that Lewis acid activation of cyclopropane **8** was not possible in presence of the sensitive and possibly chelating cyclopropene **7**. Therefore, we decided to turn to another mode of activation based on single electron transfer (SET) and radical intermediates ([Scheme 2](#sch2){ref-type="fig"}, eqn (2)). To the best of our knowledge, only two examples of (4 + 2) annulations based on light-initiated radical processes have been reported with cyclopropenes.[@cit12a],[@cit12f] In this context, the activation of simple donor aminocyclopropanes *via* oxidation with stoichiometric reagents, metal catalysts or photoredox catalysts has attracted strong interest, and the resulting radicals have been reported to participate in annulation reaction with olefins or alkynes.[@cit17] Nevertheless, reactions with cyclopropenes were never reported. Gratifyingly, when Zheng photoredox conditions[@cit17c] were examined using aminocyclopropane **9**, the desired annulation product **10** could be obtained in 52% as a mixture of diastereoisomers ([Scheme 2](#sch2){ref-type="fig"}, eqn (2)). We decided therefore to optimize this result ([Table 1](#tab1){ref-type="table"}, entry 1).

![First attempts of (3 + 2) annulation.](c9sc03790j-s2){#sch2}

###### Optimization of the (3 + 2) annulation

  ![](c9sc03790j-u1.jpg){#ugr1}                                                  
  ------------------------------- ----- ----- -------------------------- ------- -------------------------------------------------
  1                               2.5   1.0   Ru(bpz)~3~(PF~6~)~2~ (2)   0.1 M   52%
  2                               1.0   1.5   Ru(bpz)~3~(PF~6~)~2~ (2)   0.1 M   53%
  3                               1.0   1.5   4CzIPN (5)                 0.1 M   60%
  4                               1.0   1.5   4CzIPN (5)                 0.4 M   82%
  5                               1.0   1.8   4CzIPN (5)                 0.4 M   86%
  6                               1.0   1.8   4DPAIPN (5)                0.4 M   89% (87%)[^*b*^](#tab1fnb){ref-type="table-fn"}

^*a*^Isolated on 0.1 mmol scale.

^*b*^Isolated yield on 0.3 mmol scale.

Eighteen hours of reaction were required for the full conversion of cyclopropylaniline **9**. Cyclopropene **7** was stable under these reaction conditions. However degassing the solvent was required to limit degradation of cyclopropylaniline **9**. Consistent with previous reports,[@cit17c],[@cit17d] nitromethane was superior to all other solvents. No improvement was observed when varying catalyst, concentration and stoichiometry (see ESI for more details[†](#fn1){ref-type="fn"}). A drawback of Zheng\'s optimized conditions is the use of a large excess of olefin (typically 5 equivalents). Cyclopropylaniline **9** being synthetically more accessible,[@cit18] we attempted to use it in excess and obtained a similar yield ([Table 1](#tab1){ref-type="table"}, entry 2). We then examined the organic dye 2,4,5,6-tetra(9*H*-carbazol-9-yl)isophthalonitrile (4CzIPN), as photoredox catalyst. 4CzIPN has a close oxidation potential compared to the ruthenium catalyst, but it is a better reductant (*E*~1/2~ (\**P*/*P*^--^) = +1.35 and *E*~1/2~ (*P*/*P*^--^) = --1.21 *vs.* +1.45 and --0.80 for Ru(bpz)~3~(PF~6~)~2~).[@cit19],[@cit20] Its use led to a slightly improved yield of 60% ([Table 1](#tab1){ref-type="table"}, entry 3). To the best of our knowledge, this is the first report on the use of an organic dye for the photoredox-based activation of aminocyclopropanes. Increasing the concentration to 0.4 M, **10** could be obtained in 82% ([Table 1](#tab1){ref-type="table"}, entry 4). Using a higher concentration was not possible due to the low solubility of the catalyst. Eventually, using 1.8 equiv. of cyclopropylaniline **9** led to 86% yield of product **10** ([Table 1](#tab1){ref-type="table"}, entry 5). However, 4CzIPN gave lower yields for other cyclopropene and cyclopropylaniline derivatives. We found that the less oxidizing, but stronger reducing, 2,4,5,6-tetrakis(diphenylamino)isophthalonitrile (4DPAIPN, *E*~1/2~ (\**P*/*P*^--^) = +0.90 and *E*~1/2~ (*P*/*P*^--^) = --1.65)[@cit21] was a more general catalyst. This dye was first reported by Zhang and Luo,[@cit19a] but Zeitler and co-workers later showed that the dye used in their work had another structure.[@cit22] Our group was the first to access the originally proposed structure.[@cit21] In case of **7** and **9**, **10** was obtained in similar yield using 4DPAIPN, and the reaction could be easily scaled up to 0.3 mmol ([Table 1](#tab1){ref-type="table"}, entry 6). Importantly, the yield obtained is much higher than the previously reported one in radical-based annulation of cyclopropenes (16--51%),[@cit12f] demonstrating that this strategy can be highly efficient. Product **10** was obtained as a nearly 1 : 1 mixture of diastereoisomers, which could be isolated in pure form after column chromatography.[@cit23]

Scope of the (3 + 2) annulation
-------------------------------

With optimized conditions in hand, we started to vary the substituents on the cyclopropene ([Scheme 3A](#sch3){ref-type="fig"}). We found that different esters were suitable for the transformation (products **11** and **12**). Both dicyano- and difluoro-cyclopropenes furnished the corresponding cycloadducts **13** and **14** in high yields and improved diastereoselectivity. An acetal protected cyclopropenone could also be used as partner in the (3 + 2) cycloaddition, leading to compound **15** in 45% yield as a single diastereoisomer. Different substituents on the olefin were then investigated ([Scheme 3B](#sch3){ref-type="fig"}). With aryl groups, both electron-withdrawing and -donating groups were well tolerated in *meta* and *para* positions (products **16--20**). A notable decrease in yield was only observed with the strongly donating *para*-methoxy group (**19**). Interestingly, the TMS- and un-substituted cyclopropenes afforded the corresponding bicyclo\[3.1.0\]hexanes **21** and **22** in moderate yields. This decrease in yield is most likely due to the lower stability of the cyclopropyl radical. Alkyl substituted and disubstituted cyclopropenes could not be used, and only trace amount of the desired products **23**, **24** and **25** were observed. We then turned our attention towards the aromatic ring of the cyclopropylanilines, bearing electronically and sterically diverse substituents ([Scheme 3C](#sch3){ref-type="fig"}).[@cit24] Both electron-withdrawing and -donating groups were compatible in *para* and *meta* positions, delivering the expected products **26--30** in good to excellent yields. The reaction was also applicable to heterocyclic substituents, as well as disubstituted aryl groups on the cyclopropylamine without any significant impact on the yields of products **31** and **32**. The sterically demanding naphthyl substituent led also to a high yield of product **33**. When considering that *para*-methoxyphenyl (PMP) can be cleaved under oxidative conditions, we decided to investigate more sterically hindered derivatives to see if the diastereoselectivity could be improved. Adding one methyl in *ortho* position did affect neither the yield nor the stereochemical outcome (product **34**). Having two methyl groups in *ortho* position decreased the yield, but increased significantly the diastereoselectivity in the formation of **35**. When considering the importance of fluorinated compounds in medicinal chemistry,[@cit6] we then turned to difluorocyclopropenes. With *N*-cyclopropyl-4-methoxy-2,6-dimethylaniline (**37**), we could isolate the corresponding product **36** in 57% yield with an improved diastereomeric ratio of 93 : 7. Considering the importance of fluorinated derivatives, we decide to re-optimize this transformation (see ESI for details[†](#fn1){ref-type="fn"}) and explore its scope.

![Scope of the (3 + 2) annulation. Reaction conditions: cyclopropene (1.0 equiv., 0.3 mmol), 4DPAIPN (5 mol%) and cyclopropylaniline (1.8 equiv.) in CH~3~NO~2~ (0.4 M) at rt. Isolated yields are given. dr determined by ^1^H NMR of the crude products. (A) Scope of substituents R^1^ on cyclopropene. (B) Scope of substituents R^2^ on cyclopropene. (C) Scope of aryl substituents on cyclopropylamine.](c9sc03790j-s3){#sch3}

Diastereoselective (3 + 2) annulation with difluorocyclopropenes
----------------------------------------------------------------

We found that employing the less oxidizing \[Ir(dtbbpy)(ppy)~2~\]PF~6~ photocatalyst (*E*~1/2~ (\**P*/*P*^--^) = +0.66 and *E*~1/2~ (*P*/*P*^--^) = --1.51),[@cit20] combined with a larger excess of cyclopropylaniline **37** (easily synthesized in one step from cheap and commercially available starting materials), allowed us to isolate **36** in a satisfying 73% yield with the same diastereoselectivity ([Scheme 4](#sch4){ref-type="fig"}). Under these conditions, difluorocyclopropenes bearing electron-withdrawing, as well as electron-donating groups in *meta* and *para* positions delivered the corresponding products **38--43** in good yields and diastereoselectivity. A slight decrease in yield was only observed when a strongly donating *para*-methoxy substituent was introduced (product **39**). *Ortho* substitution was also tolerated as illustrated with cyclopropane **44**. A thienyl-substituted difluorocyclopropene was compatible with our conditions, affording the corresponding bicyclic product **45** in moderate yield. A bulky 2-naphthyl substituent was also tolerated in the annulation, delivering **46** in a 69% yield.

![Diastereoselective (3 + 2) cycloaddition with difluoro-cyclopropenes. Reaction conditions: difluorocyclopropene (1.0 equiv., 0.30 mmol), \[Ir(dtbbpy)(ppy)~2~\]PF~6~ (5 mol%) and *N*-cyclopropyl-4-methoxy-2,6-dimethylaniline (**37**) (2.5 equiv.) in CH~3~NO~2~ (0.4 M) at rt. Isolated yields are given. The dr was determined by ^19^F NMR spectroscopy of the crude products.](c9sc03790j-s4){#sch4}

We then turned our attention to synthetically relevant transformations of the obtained bicyclo\[3.1.0\]hexanes. Starting with compound **42**, we could easily remove the bulky PMP group ([Scheme 5A](#sch5){ref-type="fig"}). This transformation proceeded smoothly in only 30 minutes at room temperature, delivering the free amine **47**. The latter could be easily further functionalized without any alteration of the bicyclic structure as illustrated by products **48** and **49**, obtained *via* Boc protection and reductive amination with pivaldehyde respectively. In order to assess the preparative value of the transformation, we carried a gram scale experiment with compounds **7** and **9** ([Scheme 5B](#sch5){ref-type="fig"}). We found that at this scale a lower catalyst loading (2 instead of 5 mol%) along with higher concentration (0.6 instead of 0.4 M) allowed to get the desired product in a very good yield of 91%, with the same diastereomeric ratio of 55 : 45. The two diastereoisomers of this transformation could be separated by column chromatography. In presence of a strong base, **10a** delivered the tricyclic compound **50** by amide bond formation, facilitated by the close spatial proximity of the aniline and one of the ester groups. In contrast, **10b** was converted to aziridine **51***via* attack of the nitrogen atom on the donor--acceptor cyclopropane. Finally, we submitted tricyclic compound **15** to acidic conditions, which resulted in acetal deprotection, followed by a Favorskii-like rearrangement and a retro-Michael addition of the aniline group to give cyclopentene **52** in 73% yield ([Scheme 5C](#sch5){ref-type="fig"}).

![Gram-scale (3 + 2) annulation and product modifications. (A) Removal of PMP-derived protecting group and further functionalization of **47**. (B) Gram-scale reaction and divergent reactivity of **10a** and **10b**. (C) Acetal deprotection/Favorskii rearrangement/elimination.](c9sc03790j-s5){#sch5}

3.. Conclusions
===============

In conclusion, we have developed the first (3 + 2) annulation of cyclopropenes and cyclopropanes, providing a complementary and convergent strategy towards substituted bicyclo\[3.1.0\]hexanes having three contiguous stereocenters, including an all-carbon benzylic quaternary center. Based on an organocatalyzed photoredox-mediated ring-opening of aminocyclopropanes, the transformation was high yielding and broadly applicable, demonstrating that radical-based strategies can be highly efficient for annulation reactions of cyclopropenes. High diastereoselectivity could be achieved by combining a bulky cyclopropylaniline with difluorocyclopropenes. Our work constitutes a new convergent strategy for the synthesis of important carbocyclic building blocks in synthetic and medicinal chemistry.
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